Dynamin 1-like proteins (DNM1-L) are mechanochemical GTPases that induce membrane fission in mitochondria and peroxisomes. Their mechanism depends on conformational changes driven by nucleotide and lipid cycling. Here we show the crystal structure of a mitochondrial fission dynamin (CmDnm1) from the algae Cyanidioschyzon merolae. Unlike other eukaryotic dynamin structures, CmDnm1 is in a hinge 1 closed conformation, with the GTPase domain compacted against the stalk. Within the crystal, CmDnm1 packs as a diamond-shaped tetramer that is consistent with an inactive off-membrane state. Crosslinking, photoinduced electron transfer assays, and electron microscopy verify these structures. In vitro, CmDnm1 forms concentrationdependent rings and protein-lipid tubes reminiscent of DNM1-L and classical dynamin with hinge 1 open. Our data provides a mechanism for filament collapse and membrane release that may extend to other dynamin family members. Additionally, hinge 1 closing may represent a key conformational change that contributes to membrane fission.
M itochondrial membranes are maintained by an interplay of fission and fusion events mediated by different classes of dynamin-like proteins (DLPs). During membrane fission, the DLP DNM1-L controls the distribution of mitochondria in the cell 1 by locating to future division sites and driving membrane constriction and abscission 2 . Human DNM1-L is an 80-kDa protein that comprises three core structural domains: the GTPase domain (G-domain), the bundle-signaling element (BSE), and the stalk. The stalk tip is augmented with a ~100-amino acid flexible lipid-binding domain called the B-insert, for which no structural data currently exists. Hinge regions interconnect the BSE and stalk (hinge 1) and the G-domain and BSE (hinge 2). These regions are described in studies of bacterial dynamin-like protein 1 (BDLP1), in which hinge 1 mediates a 135° rotation between the trunk and neck (equivalent to the stalk and BSE) from a closed to an open state, and hinge 2 mediates a 75° rotation between the neck and G-domain from a closed to open state (see Fig. 1a for a key to nomenclature) 3 . Flexibility around hinge 2 has emerged as a conserved feature amongst many DLPs. In DNM1-L, comparison of GMPPCP (a non-hydrolyzable analog of GTP) and apo crystal structures shows a ~70° rotation of the BSE relative to the G-domain 4, 5 . Human Dynamin 1 undergoes a similar rotation when transitioning from the GMPPCP to GDP·AlF 4 state 6 . Arabidopsis DRP1A hinge 2 mediates a complex 95° and 45° twist observed between different crystal forms 7 , whilst human myxovirus resistance protein 1 (MxA) hinge 2 undergoes a 110° rotation 8 . Except for BDLP1, all these structures required the stalk to be truncated to facilitate crystallization. Critically, this means that in these structures the hinge 1 position and conformation of the stalk relative to the BSE is unknown.
For hinge 1, large-scale rotation between the BSE and stalk to the closed conformation, as observed for BDLP1, has not yet been reported in eukaryotic systems. However, flexibility around hinge 1 has been observed through Förster resonance energy transfer (FRET) experiments in the DLP MxA 9 and for DNM1-L, in which a 17.5° rotation was observed between symmetry mates within the crystal asymmetric unit 10 . Early evidence for a BDLP1-like closed state has been described for s-Mgm1 11 and speculatively for Mitofusin 1 through an Asp189 tether 12 . Current data showing how a hinge 1 closed state may exist in eukaryotes is therefore restricted to DLPs involved in membrane fusion. The full-length crystal structure of DNM1-L 10 was captured in the apo state with the BSE and stalk in an open conformation and with hinge 2 between the G-domain and BSE in a closed conformation. Dynamins 1 and 3 were also observed in a similar DNM1-L apo conformation. For all these structures, stalk mutations that inhibit self-assembly were essential to facilitate crystallization and structure determination. It is possible that these mutations or crystal lattice packing requirements may influence hinge 1 movement and have so far inhibited capture of any alternative ground state conformations between the BSE and stalk.
DNM1-L is thought to sever mitochondria by assembling a helical filament that encompasses and constricts the outer membrane. The architecture of this helical filament depends on the DNM1-L subunit structure and its mode of self-assembly. DNM1-L subunits crystallize as a dimer, with the stalks forming the interface 2 crisscross motif 10 . The same conserved dimerization mechanism has been observed in MxA 13, 14 and classical Dynamins 1 and 3 15, 16 . In both DNM1-L and the classical dynamins, the stalks form a helical filament via self-assembly between interfaces 1 and 3, located toward the top and bottom of the stalk crisscross, respectively. A relatively low-resolution reconstruction of the DNM1-l filament bound to lipid and GMPPCP is currently available 17 . The lack of a high-resolution structure of the DNM1-L filament impedes the fitting of crystal structures and deduction of subunit conformations. The reconstructed filament diameter is 129 nm and comprises a two-start helix. The filament model utilizes a contact, termed interface 4, between DNM1-L stalks to generate the two-start helical arrangement 10 . The binding of GTP and its non-hydrolyzable analogs likely promotes G-dimerization between subunits on neighboring rungs of the helical filament 5, 10 . The conformation of the DNM1-L subunit within the filament, when bound to GTP and G-dimerized, can be described with some certainty based on partial DNM1-L and Dynamin 1 crystal structures and on relatively low-resolution electron microscopy (EM) reconstructions 4, 6, 18 . Here the data support a model in which hinge 1 and hinge 2 are in an open conformation. This is equivalent to Dynamin 1 under similar conditions 6 . A question remains as to the conformation of DNM1-L and Dynamin 1 protein-lipid tubes in the apo state. It is unclear whether hinge 2 exists in an open conformation primed or weakly engaged in G-dimer formation, or whether it is predominantly in a closed state reminiscent of the MxA polymer 19 .
The mechanism for constriction and ultimately membrane fission is poorly understood for DNM1-L. However, it likely shares substantial similarity with Dynamin 1 membrane fission, for which two principle mechanisms are debated 20 . First, in the disassembly model, superconstriction of the membrane by a G-dimerized dynamin helix in the GDP-and phosphate-bound transition state is sufficient to provoke hemifission intermediates. Subsequent GDP or phosphate release induces filament disassembly and membrane destabilization so that membrane fission results. Alternatively, the constriction-ratchet model couples nucleotide cycling to conformational changes that induce filament sliding and radial constriction. Ultimately, it is helix torsion that triggers membrane fission. The proposed conformational change, or power stroke, occurs as GTP is hydrolyzed to the GDP and Pi-bound transition state and drives hinge 2 closure. Transition to the GDP state induces G-dimer dissociation, nucleotide release, and the renewal of the cycle. During the power stroke, it is possible that a substantial conformational change around hinge 1 is also triggered but has yet to be described given the absence of native full-length structures in the GDP-bound state.
Given its relative simplicity, the ancient red algae C. merolae has emerged as a tractable model system for studying mitochondrial dynamics. Here a single round mitochondrion in each algal cell undergoes orderly division driven by the DNM1-L homolog CmDnm1 21 . Light and EM studies show that CmDnm1 is recruited from 10-20 cytoplasmic patches to the midpoint of the constricted mitochondrion-dividing ring late in the division cycle for final severance. Like DMN1-l in humans, CmDnm1 is critical for peroxisomal division 22, 23 . Both CmDnm1 and DNM1-L therefore represent key regulators and drivers of mitochondrial and peroxisome membrane fission in their respective hosts. Here we show the crystal structure of native CmDnm1 in the apo state at 7-Å resolution. The structure distinguishes itself from previous eukaryotic dynamin-family structures, specifically those with G-dimer, BSE, and stalk domains, as it requires no assembly-inhibiting mutations or domain truncations for crystallization. CmDnm1 is observed in a hinge 1 closed state reminiscent of BDLP1 in the GDP bound and apo state. This closed state is confirmed by photoinduced electron transfer (PET) and crosslinking assays. CmDnm1 also forms a novel tetrameric assembly that is suggestive of an inactive off-membrane storage state. Our results have broad mechanistic implications for how membrane fission, and possibly membrane fusion, is coordinated by members of the dynamin family.
results
Purification and catalytic activity of CmDnm1. The gene encoding CmDnm1 from C. merolae (UniProt accession number Q84Y91) was cloned and expressed as an N-terminal maltose-binding protein (MBP) fusion in Escherichia coli. After initial purification using affinity chromatography, CmDnm1 and the MBP moiety were separated by cleavage with TEV (a highly sequence-specific cysteine protease) and size-exclusion chromatography (SEC) to yield purified CmDnm1 with mass 86 kDa ( Fig. 1b and Supplementary Dataset 1). Full-length CmDnm1 purifies with a minor proteolysis product at ~70 kDa. Mass spectrometry analysis suggests that it is the B-insert that is cleaved. Working at a concentration of 5 µ M, basal GTPase activity was measured with K m = 113 µ M and k cat = 0.7 min −1 (Fig. 1c ), which is comparable to that of Dynamin 1 24 but represents a lower maximum turnover rate when compared with yeast DNM1-L 25 . The addition of phosphatidylserine (PS) liposomes induced a 27-fold increase in GTPase activity, which is indicative of G-dimerization and assembly stimulated turnover 18 . In comparison, the GTPase-defective CmDnm1 K39A P-loop mutant (Walker A) showed negligible activity both in the presence and absence of lipid.
CmDnm1 self-assembly is concentration dependent. Given the presence of assembly-stimulated turnover and the propensity of DLPs to self-assemble, negative-stain EM was used to visualize the oligomeric state of CmDnm1. At a low concentration (1 µ M), CmDnm1 was typically observed as single particles ~7-12 nm in size ( Supplementary Fig. 1 ). At 2-3 µ M concentrations, CmDnm1 initiated self-assembly and was observed as short, crescent-shaped filaments. Increasing concentration to 8 µ M induced self-assembly into ordered rings ( Fig. 1d and Supplementary Fig. 1 ). Class averages revealed detailed ultrastructure in which rings comprise concentric inner and outer layers. This architecture is compatible with DNM1-L and Dynamin 1 filaments in cross-section, where the G-domain and BSE form the outer layer and the stalks form the inner layer 6, 17 . Rings predominantly ranged in rotational symmetry between C15, C16, and C17 symmetry ( Fig. 1d ). C13, C14, and C18 symmetry rings were also present but with low frequency. Within the lumen of the inner ring, disordered densities were observed, consistent with the lipid-binding B-insert. For smaller ring diameters, B-insert densities filled substantial parts of the inner lumen. At high concentration, the addition of PS liposomes induced formation of extensive tubular networks ( Fig. 1e ) reminiscent of those previously observed for DNM1-L 17 . Tube diameters varied between ~30 and 75 nm, suggesting that high levels of constriction are achievable in the absence of nucleotide. Adding nucleotide, including GMPPCP and GDP, both in the presence or absence of lipid, yielded results similar to those of the apo state ( Supplementary Fig. 2 ).
The crystal structure of CmDnm1. Crystallization trials with CmDnm1 in the apo state yielded hexagonal crystals with a P6(2)22 space group that diffracted to 7.0-Å resolution ( Table 1 ). Strategies to improve resolution either inhibited crystallization or yielded equivalent crystals (see Methods). The structure was solved by molecular replacement using two fragments as search models, comprising the DNM1-L G-domain + BSE (G-domain/BSE) and the stalk 10 . A CmDnm1 homology model based on the DNM1-L molecular replacement solution was generated and refined using Phenix 26 ( Table 1) . The asymmetric unit is a monomer and comprises GTPase, BSE, and stalk domains equivalent to those of DNM1-L ( Fig. 2a ). This was expected given the 41% sequence identity between CmDnm1 and DNM1-L ( Supplementary Fig. 3 ). Substantial electron density was not observed for the B-insert, which is likely a consequence of high flexibility in this motif 10, 17 . Hinge 2, located between the G-domain and BSE, was in a closed position, as it is for all other full-length eukaryotic classical dynamin 15, 16, 27 , DNM1-L 10 , and MxA 9,13 apo crystal structures. However, hinge 1 was also observed in a closed conformation, so that the G-domain and BSE were compacted against the stalk. Well-resolved electron density showing the position of the hinge 1b strand 3 facilitated modeling of the connection between the stalk and BSE (Fig. 2b ). This hinge 1 conformation was reminiscent of BDLP1 in the apo and GDP-bound state, in which hinge 1 is closed and the G-domain and neck form extensive contacts along the trunk 28 . Superposition of CmDnm1 stalk and BDLP1 trunk (PDB 2J69) showed that these domains shared the same overall fold. However, the structures deviated, as the CmDnm1 BSE was rotated 90° relative to the BDLP1 neck around the trunk (or stalk) long axis such that the plane of hinge 1 closure was different ( Fig. 2c ). Whilst the CmDnm1 GTPase domain contacted helices α 2 S and α 1M S (Fig. 2a ), the BDLP1 GTPase domain contacted helices 15 and 20 28 , which constituted neighboring faces on their respective stalk and trunk domains. As CmDnm1 hinge 2 was in a closed position, it was the G-domain side that contacted the stalk via the helix α 3 G C terminus, whilst for BDLP1, hinge 2 was in an open conformation so that the GTPase base contacted the trunk via helices 7 and 8.
Within the crystal, the CmDnm1 subunit packed as a diamondshaped tetramer in which the crystallographic two-fold axes generated a pair of oligomerization interfaces, termed interface 2 and interface 5 ( Fig. 3a ). This nomenclature aims to be consistent with previously identified oligomerization interfaces 1-4 10, 15, 27 . Interface 5 was formed by the back-to-back dovetailing of two CmDnm1 subunits, where the convex outward face of each hinge 1 packed intimately against the backside of the symmetry mate GTPase domain (Fig. 3b ). The buried surface area comprised 8% of the monomer surface (2,359 Å 2 from a total of 28,931 Å 2 ). Within interface 5, the hinge 1a loop at the hinge tip (Figs. 2a and 3b) neighbored the highly conserved Arg61, located on the side of the nucleotide binding pocket and proximal to the catalytically crucial Switch 1 Thr60 ( Supplementary Fig. 3 ). This arrangement suggests a mechanism for how nucleotide state may directly modulate hinge 1 conformation and consequently oligomerization state. Hinge 1b helix α 5 S was entirely buried within interface 5 ( Fig. 3b ) and contacted both the C-terminal end of stalk helix α 1N S and α 2 G , located on the bottom of the GTPase domain within the symmetry mate. Interface 2 constituted the same crisscross motif that has been observed previously in the DNM1-L 10 , Dynamin 1 15, 27 , and MxA 13 interface 2 stalk dimers ( Fig. 3c,d) . The CmDnm1 and DNM1-L stalk dimer may be superimposed with Cα r.m.s. deviation = 1.9 Å.
Validation of CmDnm1 hinge 1 closed conformation in solution.
To validate the CmDnm1 model and the hinge 1 closed conformation observed in the crystal, we conducted crosslinking and PET 29 . Focusing initially on confirming the hinge 1 closed conformation, the cysteine residues at positions 70, 270, 461, 476, 494, and 506 were converted to alanine to create a cysteine-free CmDnm1 mutant, termed CmDnm1 CF . A cysteine pair was then generated by introducing Q226C and D467C mutations into CmDnm1 CF , termed CmDnm1 CF-Q226C-D467C . These residues were located at a contact point between helix α 3 G located on the side of the GTPase domain and helix α 2 S on the stalk (Fig. 4a ). Fig. 4 ). Raising the reaction temperature from 25 °C to 37 °C had no additional effect. CmDnm1 CF-Q226C-D467C crosslinked at 1 µ M and subsequently concentrated to 10 µ M did not self-assemble into rings or tubulate PS liposomes ( Supplementary  Fig. 5 ). CmDnm1 in the closed conformation does not therefore support polymerization. An alternative cysteine pair was then generated by introducing Q222C and D463C mutations into CmDnm1 CF , termed CmDnm1 CF-Q222C-D463C . The position of Q222C and D463C related to CmDnm1 CF-Q226C-D467C by a shift of 1 helical turn, so that the sulfur atom pair was now 7.4 Å apart in the model (Fig. 4a ). At 25 °C, the bandshift was only observed in the presence of MTS2 and MTS4 crosslinkers, whilst at 37 °C, a shift was also observed in the presence of CuP ( Fig. 4a and Supplementary Dataset 1). These data show that the Cys222 and Cys463 were sufficiently close for MTS2 to facilitate crosslinking and that, by increasing thermal motion in the presence of CuP, direct disulfide bond formation may be induced. Again, bandshifts were reversible with the addition of DTT ( Supplementary Fig. 4 ). The activity of the mutant constructs CmDnm1 CF , CmDnm1 CF-Q226C-D467C , and CmDnm1 CF-Q222C-D463C was verified by their ability to self-assemble and form protein-lipid tubes ( Supplementary Fig. 6a) . Selected mutants were also tested for their ability to hydrolyze GTP in the presence and absence of lipids ( Supplementary Fig. 6b ). CmDnm1 CF and CmDnm1 CF-Q226C-D467C showed similar levels of lipid-stimulated GTP turnover when compared with native CmDnm1. Taken together, these crosslinking results are consistent with the CmDnm1 structure both in the amino acid register for the cysteine mutations and in the overall conformation of the monomer with hinge 1 closed. The same set of crosslinking experiments was then repeated at a concentration where CmDnm1 was at the transition point for polymerization into rings (7.5 µ M; Supplementary Fig. 1 ). Whilst the overall pattern of bandshifting remained the same as at low concentration, it differed as the efficiency of disulfide linkage or crosslinking was reduced, so that a mixed population of shifted and nonshifted was now observed ( Fig. 4a and Supplementary Dataset 1) . These data support a model in which polymerization releases GTPase domain contact from the stalk and allows hinge 1 to open.
To confirm the crosslinking results, PET experiments were undertaken, in which a tryptophan quenching moiety and a fluorophore were introduced at specific sites and fluorescence emission measured. Fluorescence varies based on the distance between the tryptophan and fluorophore, with efficient PET quenching typically occurring at < 1 nm 30 . Mutations were introduced in CmDnm1 CF , including Q226W to create a site for a quenching moiety and D467C to introduce a site for attachment of the thiol-reactive fluorescent conjugate monobromobimane (mBBr). This fluorescent conjugate pair had a predicted distance of 4.8 Å based on the CmDnm1 model between main chain Cα atoms and was therefore termed CmDnm1 mBBr/4.8 (Fig. 4b ). Additional conjugate pairs were then generated by moving the position of the fluorophore to D463C and S410C, where it was measured as 8.5 Å or 22.6 Å away from Q226W, respectively. The resulting constructs were termed CmDnm1 mBBr/8.5 and CmDnm1 mBBr/22.6 . All conjugate pairs were competent to selfassemble ( Supplementary Fig. 6c ). Fluorescent intensities (F W ) were calculated as an intensity-quenching ratio (IQR) 31 against equivalent mBBr constructs that lacked the tryptophan at position 226 (F 0 ). Comparing IQRs showed that quenching declined with increasing distance between conjugate pairs, with CmDnm1 mBBr/4.8 and CmDnm1 mBBr/8. 5 showing a substantial decrease in fluorescent output, whilst CmDnm1 mBBr/22.6 showed an IQR close to F 0 (Fig. 4c ).
Increasing the size of the fluorescent moiety by swopping mBBr for a thiol-reactive iodoacetamide derivative of boron-dipyrromethene (BODIPY-FL or BODIPY; Fig. 4b ) now yielded comparable IQRs between CmDnm1 BODIPY/4.8 and CmDnm1 BODIPY/8.5 , whilst the CmDnm1 BODIPY/22.6 IQR was close to maximum fluorescence.
To confirm that the observed PET was not specific to the Q226W quenching moiety, two novel conjugate pairs were generated, comprising Q222W and D463C, with a main-chain Cα distance of 11.3 Å, and E252W and S410C, with a main-chain Cα distance of 16.0 Å (Fig. 4b) . These constructs were termed CmDnm1 11.3 and CmDnm1 16.0 , and were competent to self-assemble ( Supplementary  Fig. 6c ). To each conjugate pair, either mBBr or BODIPY was attached for comparison. For CmDnm1 11.3 and CmDnm1 16.0 , attached to mBBr, negligible quenching was observed due to the limited fluorophore length. However, when fluorophore length was increased by attaching BODIPY, CmDnm1 11.3 was quenched whilst CmDnm1 16 .0 remained out of range (Fig. 4d ). Collectively, these PET experiments support the crosslinking data and are consistent with a model in which the CmDnm1 GTPase domain is in contact with the stalk. CmDnm1 is therefore in a hinge 1 closed conformation, contrary to the DNM1-L apo crystal structure (PDB 4BEJ), in which hinge 1 is extended. Repetition of these PET experiments with the addition of GMPPCP or GDP yielded results equivalent to those of the apo state (data not shown). This suggests that at low CmDnm1 concentration ( < 1 µ M), nucleotide alone is not sufficient to trigger hinge 1 opening in vitro.
Validation of the CmDnm1 tetramer in solution.
Crystal packing generates interface 2 and interface 5 and the formation of a diamond shaped tetramer. Interface 2 is a conserved feature of many eukaryotic dynamins, including human DNM1-L, with a fundamental role in self-assembly. The formation of CmDnm1 rings (Fig. 1d ) reminiscent of Dynamin1 filaments in cross-section 6 and of CmDnm1 protein-lipid tubes (Fig. 1e ) similar to DNM1-L protein-lipid tubes 17 strongly suggests that self-assembly via interface 2 is conserved in CmDnm1. To validate interface 5, a crosslinking experiment was set up in which the mutations S196C and N730C were introduced into CmDnm1 CF to generate CmDnm1 CF-S196C-N730C . These residues were located at the base of the GTPase domain and at the outside face of hinge 1b, respectively, and constituted buried contact points within interface 5 (Fig. 5a ). In silico mutation of S196C and N730C based on the CmDnm1 structure positions the sulfur atoms within the cysteine pair at 5.1 Å apart. Given the proxi mity of S196C and N730C to each other and their buried location within interface 5, the structure predicts that disulfide bond formation will yield a dimer only. In the presence of DTT, CmDnm1 CF-S196C-N730C existed as a monomer, as observed by SDS-PAGE ( Fig. 5a and Supplementary Dataset 1). However, removal of DTT induced the appearance of an additional band on the gel at a position consistent with the theoretical 172-kDa dimer.
No higher-order oligomeric species was observed, even with the addition of MTS2 and MTS4 crosslinkers. Subsequent addition of DTT reversed dimerization so that only the monomer remained. To ensure the dimerization was specific between S196C and N730C, single cysteine mutations were introduced into CmDnm1 CF to generate either CmDnm1 CF-S196C or CmDnm1 CF-N730C . Removal of DTT or addition of MTS2 and MTS4 crosslinkers with either CmDnm1 CF-S196C or CmDnm1 CF-N730C failed to induce dimerization ( Fig. 5a and Supplementary Dataset 1). CmDnm1 CF-S196C-N730C , CmDnm1 CF-S196C , and CmDnm1 CF-N730C were functional, as shown by their ability to polymerase and tubulate liposomes ( Supplementary Fig. 6d ). These crosslinking results are consistent with interface 5 and the CmDnm1 tetramer existing in solution. In addition, SEC showed that, at 1 µ M concentration, CmDnm1 eluted with an observed molecular weight of 360 kDa, which is close to the theoretical tetramer of 344 kDa (Fig. 5b) . This is in contrast to SEC at 8 µ M concentration, when CmDnm1 was polymerized and eluted in the void volume. Note that the self-assembly-limiting stalk mutant GHRS431-434AAAA 15 also eluted as a tetramer at 8 µ M concentration (Fig. 5b) . This is in contrast to Dynamin 1 15 , DNM1-L 10 , and MxA 13 , which elute as dimers with the equivalent mutation. Negative-stain EM class-average analysis of the CmDnm1 single particles observed at 1 µ M concentration ( Supplementary Fig. 1 ) provided further solution-state validation of the CmDnm1 tetramer ( Fig. 5c and Supplementary Fig. 7) . Oval or diamond-shaped particles were preferentially observed, with symmetry and dimensions similar to that of the CmDnm1 tetramer crystal structure (front view). Alternatively, figure-8-shaped class averages were observed that were consistent with side views of the CmDnm1 tetramer, which incorporates a 90° screw or twist around the particle long axis (Fig. 3a ).
Discussion
Here we show the native structure of the mitochondrial fission DLP CmDnm1 from C. merolae. The observed hinge 1 closed conformation is reminiscent of the BDLP1 crystal structure in the apo and GDPbound conformations 28 . It is also consistent with the conformation of the mitochondrial membrane fusion DLP s-Mgm1 derived from a lowresolution EM reconstruction of two-dimensional crystals 11 . In this case, an s-Mgm1 homology model based on BDLP1 was fitted into the two-dimensional crystal reconstruction as a back-to-back dimer with notable similarity to the interface 5 CmDnm1 dimer. Additionally, it has been speculated that Mitofusin 1 may form a hinge 1 closed conformation via an Asp189 HD1-HD2 tether 12 . A model for the yeast mitofusin-like protein Fzo1 based on a BDLP1-like closed state has also been validated via site-directed mutagenesis and in vivo functional assays 32 . Collectively, these data suggest that the hinge 1 closed conformation is a conserved feature amongst bacterial and eukaryotic membrane fusion DLPs. Close structural and functional homology between CmDnm1 and human DNM1-L suggests that hinge 1 closure may be prevalent amongst other mitochondrial fission DLPs. The CmDnm1 diamond-shaped tetramer is formed via interface 2 and interface 5. Interface 2 facilitates formation of the crisscross dimer that constitutes the basic assembly unit of classical dynamin, DNM1-L, and MxA (and MxB) filaments 10, 14, 15, 19, 27 . Interface 5 has the effect of sequestering a pair of crisscross dimers oriented back-to-back in the hinge 1 closed conformation. The CmDnm1 tetramer therefore likely represents an off-membrane inactive state. DNM1-L is known to exist in dimer-tetramer equilibrium in solution 10 , whilst classical Dynamin 1 is reported as a monomer, dimer, and tetramer [33] [34] [35] [36] . The architectures and conformations of these dimers and tetramers in solution are unknown. One option is that they form interface 2 dimers that oligomerize as CmDnm1-like tetramers via interface 5. Alternatively, subunits may be arranged similarly to the Dynamin 3 tetramer, with hinge 1 open and hinge 2 closed 16 . Ultimately, further studies are required in DNM1-L and the classical dynamins to understand whether the CmDnm1 tetramer represents a broadly conserved off-membrane state. Based on our data, a model for CmDnm1 activation and selfassembly is presented (Fig. 6 ). The CmDnm1 tetramer structure suggests that, when off-membrane and at low concentration, CmDnm1 is in a hinge 1 and hinge 2 closed conformation. Tetramer recruitment to the membrane releases interface 5 and induces transition to interface 2 dimers. Hinge 1 undergoes a 95° rotation to an assembly-competent open conformation. In the absence of nucleotide, hinge 2 remains closed. This conformation is equivalent to the DNM1-L and Dynamin 1 apo crystal structures and is consistent with the nonconstricted protein-lipid tubes observed for mitochondrial and classical dynamins 17, 37 . When GTP is bound, hinge 2 shifts to the open conformation by rotating 70°4 ,5,18 . CmDnm1 would then be competent to G-dimerize and promote membrane fission. This conformation generates the constricted protein-lipid tubes observed for mitochondrial and classical dynamins 17, 38 .
Potential triggers for tetramer dissociation and hinge 1 opening include membrane association, nucleotide binding, or competition for assembly interfaces with neighboring subunits. In vitro, CmDnm1 polymerization is closely correlated with concentration, suggesting that inter-subunit binding between interfaces 1, 3, or 4 10 may be sufficient to disassemble interface 5 and promote hinge 1 opening. For Dynamin 3, membrane binding is thought to facilitate polymerization by releasing the pleckstrin-homology (PH) domain from an autoinhibitory stalk-bound position 16 . In human DNM1-L, the B-insert is also known to allosterically modulate oligomer state 39, 40 . For CmDnm1, the B-insert may therefore play a similar role in facilitating polymerization through driving conformational change upon membrane binding. Critically, DNM1-L is known to function with multiple regulatory partners such as Fis1 41 , mitochondrial fission factor (Mff) 42 , and mitochondrial dynamics proteins of 49 kDa (MiD49) and 51 kDa (MiD51 or MIEF1) 43, 44 . A candidate gene encoding Fis1 appears present in the C. merolae genome. Regulatory proteins therefore likely play a major role in modulating CmDnm1 oligomerization dynamics and conformation. For example, the concentration at which the CmDnm1 tetramer dissociates and hinge 1 opens in vivo may be tunable depending on the specific regulatory partner bound. The CmDnm1 hinge 1 closed state may also have general ramification for the mechanism of membrane fission. For DNM1-L and classical dynamins, the hydrolysis of GTP to GDP·AlF 4 is known to induce hinge 2 transition to the closed state 6 . For classical dynamins, this conformational change has been used to explain how filaments may slide past each other to induce helix torsion and ultimately membrane fission via a possible ratchet mechanism 20 . Filament sliding is one explanation for the observed twisting activity of Dynamin 1 protein-lipid tubes, as exemplified by bead rotation 45, 46 . It also potentially explains why Dynamin 1 filaments form plectonemic supercoils and writhes 46, 47 . There is currently no structural data for the hinge 1 conformation of DNM1-L or classical dynamin in the GDP·AlF 4 or GDP-bound state. However, hinge 1 may close or partially close in these systems when transitioning to a GDP-bound state, given the structure of CmDnm1 and the hinge 1 closed state of BDLP1 in the GDP-bound state 28 . In this case, hinge 1 and hinge 2 closure would predict a substantial radial and axial twist between two G-dimerized subunits. Such a large-scale conformational change may provide the filament torsion and writhing necessary to induce membrane fission. This model also provides an efficient means to induce filament disassembly and membrane release. The hinge 1 closed structure of CmDnm1 suggests that there is still much to be determined regarding the mechanism of DLP-mediated membrane fission.
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